Manganese L-tartrate dihydrate, L-MnC 4 H 4 O 6 · 2H 2 O, and manganese DL-tartrate dihydrate, DL-MnC 4 H 4 O 6 · 2H 2 O, crystals were grown at room temperature by the gel method using silica gels as the growth medium. Differential scanning calorimetry, thermogravimetric-differential thermal analysis, and X-ray diffraction measurements were performed on both crystals. The space group symmetries (monoclinic P2 1 and P2/c) and structural parameters of the crystals were determined at room temperature. Both structures consisted of slightly distorted MnO 6 octahedra, C 4 H 4 O 6 and H 2 O molecules, and O-H···O hydrogen-bonding frameworks between adjacent molecules. Weight losses due to thermal decomposition of the crystals were found to occur in the temperature range of 300-1150 K. We inferred that the weight losses were caused by the evaporation of bound 2H 2 O molecules, and the evolutions of gases from C 4 H 4 O 4 and of (1/2)O 2 gas from MnO 2 , and that the residual black substance left in the vessels after decomposition was manganese oxide (MnO).
Introduction
Many tartrate compounds are formed by reacting tartaric acid with compounds containing positive ions (two monovalent cations or one divalent cation) (Desai & Patel, 1988; Fukami, Hiyajyo, Tahara, & Yasuda, 2017a; Fukami, Hiyajyo, Tahara, & Yasuda, 2017b; Fukami & Tahara, 2018; Labutina, Marychev, Portnov, Somov, & Chuprunov, 2011) . Tartaric acid (chemical formula: C 4 H 6 O 6 ; systematic name: 2,3-dihydroxybutanedioic acid) has two chiral carbon atoms in its structure, which provides the possibility for four possible different forms of chiral, racemic, and achiral isomers: L(+)-tartaric, D(-)-tartaric, racemic (DL-) tartaric, and meso-tartaric acid (Bootsma & Schoone, 1967; Fukami, Tahara, Yasuda, & Nakasone, 2016; Song, Teng, Dong, Ma, & Sun, 2006) . Some of these compounds are of interest because of their physical properties, particularly their excellent dielectric, ferroelectric, piezoelectric, and nonlinear optical properties (Abdel-Kader et al., 1991; Firdous, Quasim, Ahmad, & Kotru, 2010; Torres et al., 2002) . Moreover, they were formerly used in numerous industrial applications, for example, as transducers and in linear and non-linear mechanical devices.
Experimental studies on manganese tartrate crystals (containing two or four water molecules) were conducted as follows (Labutina, Marychev, Portnov, Somov, & Chuprunov, 2011; Soylu, 1985; Yanes, Lopez, Stockel, Peraza, & Torres, 1996) . Soylu has reported the crystal structure of MnC 4 H 4 O 6 · 4H 2 O at room temperature determined by single-crystal X-ray diffraction (Soylu, 1985) . The structure was found to be monoclinic with space group P2 1 , the lattice constants being a = 6.092(5), b = 12.285(7), c = 7.295(4) Å and β = 112°, and consisted of strongly disordered MnO 6 octahedra and C 4 H 4 O 6 molecules. Each manganese atom was surrounded by six oxygen atoms, four from two chelate rings of two tartrate ions and two water molecules. Moreover, the atoms linked the tartrate molecules to infinite chains parallel to the [100] direction. Labutina et al. have grown many tartrate single crystals by the gel method, and determined the crystal system and lattice constants (Labutina, Marychev, Portnov, Somov, & Chuprunov, 2011) . The crystal structure of MnC 4 H 4 O 6 · 2H 2 O was reported to be monoclinic with space group P2 1 and the lattice constants a = 7.60834(1), b = 11.1482(2), c = 8.9349(7) Å and β = 99.433(2). Yanes et al. have also grown manganese tartrate crystals by the gel method, and performed measurements of dielectric and magnetic properties, infrared spectroscopic, thermal studies, and X-ray diffraction on the crystals (Yanes, Lopez, Stockel, Peraza, & Torres, 1996) . Their basic physical properties observed were reported. Moreover, thermogravimetric analysis suggested that the grown crystals were associated with two molecules of water of hydration, and that the material was reduced to its oxide by thermal decomposition.
As mentioned above, it is expected that a manganese DL-tartrate compound can be synthesized using Mn 2+ ions as the divalent cations and DL-tartaric acid. The crystal structure of MnC 4 H 4 O 6 · 2H 2 O containing two water molecules has not been determined yet, except for its crystal system and lattice constants. In this paper, we describe the synthesis of manganese L-tartrate dihydrate L-MnC 4 H 4 O 6 · 2H 2 O and manganese DL-tartrate dihydrate DL-MnC 4 H 4 O 6 · 2H 2 O crystals by the gel method, and also determine their crystal structures at room temperature using single-crystal X-ray diffraction. Moreover, the thermal properties of these crystals are studied by means of differential scanning calorimetry (DSC) and thermogravimetric-differential thermal analysis (TG-DTA).
Experimental

Crystal Growth
The L-MnC 4 H 4 O 6 · 2H 2 O and DL-MnC 4 H 4 O 6 · 2H 2 O crystals were grown in silica gel medium at room temperature using the single test tube diffusion method. The gels for L-MnC 4 H 4 O 6 · 2H 2 O were prepared in test tubes (length of 200 mm, and diameter of 30 mm) using aqueous solutions of Na 2 SiO 3 (25 ml of 1 M), L-C 4 H 6 O 6 (25 ml of 1 M), and CH 3 COOH (25 ml of 2 M). For DL-MnC 4 H 4 O 6 · 2H 2 O, the gels were prepared in test tubes using aqueous solutions of Na 2 SiO 3 (20 ml of 1 M), DL-C 4 H 6 O 6 (25 ml of 1 M), and CH 3 COOH (25 ml of 1 M). The gels were aged for nine days, and solutions of MnCl 2 · 4H 2 O (25 ml of 0.5 M) were then gently poured on top of the respective gels. The crystals were harvested after about three months. Figure 1 shows the photographs of (a) L-MnC 4 H 4 O 6 · 2H 2 O single crystals grown on the gel surface, and of slightly pinkish crystals of (b) (Yanes, Lopez, Stockel, Peraza, & Torres, 1996) . 
Structure Determination
The X-ray diffraction measurements were carried out using a Rigaku Saturn CCD X-ray diffractometer with graphite-monochromated Mo K α radiation (λ=0.71073 Å). The diffraction data were collected at 299 K using an ω scan mode with a crystal-to-detector distance of 40 mm, and processed using the CrystalClear software package. The intensity data were corrected for Lorentz polarization and absorption effects. The structures were solved by direct methods using the SIR2011 program and refined on F 2 by full-matrix least-squares methods using the SHELXL-2013 program in the WinGX package (Burla et al., 2012; Farrugia, 2012; Sheldrick, 2015 O for the thermal measurements were prepared by grinding some pieces from the single crystal and some transparent ones at the tip of the pinkish crystal, respectively. The sample amount varied between 3.92 and 5.20 mg, and the heating rates were 10 K min -1 under a flow of nitrogen gas (40 ml min -1 for DSC, and 300 ml min -1 for TG-DTA). 
Results and Discussion
Crystal Structure
Flack parameter 0.002(5) Goodness-of-fit on F 2 1.051 1.096 Extinction coefficient 0.007(2) 0.009(1) Largest diff. peak and hole 0.692 and -0.510 eÅ -3 0.495 and -0.520 eÅ -3 Figure 2 . ORTEP projections along the a-axis of (a) L-MnC 4 H 4 O 6 · 2H 2 O structure and in the ac-plane of (b) DL-MnC 4 H 4 O 6 · 2H 2 O structure, with 50% probability-displacement thermal ellipsoids
The solid and dashed short lines indicate O-H···O hydrogen bonds, as shown in Table 4 (1) 0.14391(5) 0.12453(3) 0.28559(4) 199(2) 216 (2) 193 (1) -1(1) 13(1) -6(1) Mn (2) 0.72928(5) 0.11224(3) 0.73813(4) 205(2) 224 (2) 182 (1) -6(1) (3) 199(10) 157(8) 217 (10) -22 (7) -12(8) -9(7) C(2) 0.1964 (3) 0.2792(2) 0.0056 (3) 195 (10) 171(9) 181 (9) -12 (7) 26 (8) -19 (7) (3) 182 (9) 170 (9) 205 (10) 7(7) 24 (8) -12(7) C(4) 0.3727(4) 0.4703(2) 0.0072 (3) 218 (11) 226(10) 226 (11) 19 (8) 66 (8) -38(9) C(5) 0.1458(4) 0.5269 (3) 0.5447 (3) 276 (12) 263(11) 225 (11) 29 (9) 65(9) 106(10) C(6) 0.3020(4) 0.4396(2) 0.5478 (3) 209 (10) 205(10) 215 (10) 16 (8) 35 (8) 22 (8) C(7) 0.2363(4) 0.3117 (3) 0.5501 (3) 220 (11) 224(11) 244 (11) -32(9) 32(9) -5(9) C(8) 0.3863(4) 0.2202(2) 0.5555 (3) 248 (11) 207(10) 199 (10) 24 (8) -8(8) 32 (8) (2) 279(10) 220(8) 252 (9) 11(7) -81 (7) -45 (7) O (2) -0.0446 (3) 0.1744(2) 0.0859 (2) 192 (8) 308 (10) 261 (9) 55 (8) -9 (7) -55 (7) O (3) 0.2884 (3) 0.2365 (2) 0.1450 (2) 167 (8) 270 (9) 276 (9) 84(7) -19 (7) -13 (7) O (4) 0.1164 (3) 0.4573 (2) 0.1352 (3) 193 (8) 239 (9) 318 (10) -71 (8) 87(7) -22 (7) O (5) 0.4271 (3) 0.5503 (2) 0.1040 (3) 226 (9) 280 (10) 327 (11) -74 (8) 71 (8) -76 (7) O (6) 0.4562(4) 0.4315 (3) -0.0888 (3) 407(14) 509(16) 431 (14) -180 (12) 265(12) -182(12) O(7) 0.0576(4) 0.5172 (2) 0.6487 (3) 384 (12) 359(11) 260 (10) 68 (8) 164 (9) 139 (10) (3) 513 (14) 474(15) 333 (10) 208 (11) 224(10) 315(13) O(9) 0.3918(4) 0.4599(2) 0.4243 (3) 320 (12) 346(12) 402 (13) 142 (10) 194(10) 119(10) O(10) 0.1032(3) 0.2902 (3) 0.4199 (4) 214 (10) 434(14) 639 (19) -310 (13) -131(11) 116(10) The relevant crystal data, and a summary of the intensity data collections and structure refinement parameters are given in Table 1 . Figure 2 shows the projections of the L-MnC 4 H 4 O 6 · 2H 2 O crystal structure along the a-axis and of the DL-MnC 4 H 4 O 6 · 2H 2 O crystal structure on the ac-plane. The positional parameters in fractions of the unit cell and the thermal parameters are listed in Table 2 . Selected bond lengths and angles are given in Table 3 , and hydrogen-bond geometries are presented in Table 4 .
Structure Description
The observed lattice constants of L-MnC 4 H 4 O 6 · 2H 2 O differ from those of MnC 4 H 4 O 6 · 4H 2 O previously reported by Soylu (Soylu, 1985) , and are very close to those of MnC 4 H 4 O 6 · 2H 2 O reported by Labutina et al (Labutina, Marychev, Portnov, Somov, & Chuprunov, 2011) . This difference is considered to be attributed to the difference in the number of bound water molecules contained in the crystals. The observed unit cell structure consists of two non-equivalent Mn atoms, two crystallographically independent C 4 H 4 O 6 molecules, and four independent H 2 O molecules. It is seen from Fig. 2(a (3) 3.801 (6) 154.4(2) O(15)-H(13)···O(11) (7) 1.145 (7) 2.429 (3) 3.294 (8) 130.9(4) O(15)-H(14)···O (14) 1.479 (7) 1.375 (5) (3) 3.197(6) 120.5(2) (b) C(2)-H(1)···O(5) (10) 0.92(1) 2.88(2) 3.776(1) 164(1) C(4)-H(2)···O(5) (10) 0.96(1) 2.96(1) 3.669(1) 132(1) O(3)-H(3)···O (7) 0.78(2) 1.85(2) 2.630(1) 173(2) O(6)-H(4)···O(4) (10) 0.78(2) 1.78(2) 2.557(1) 177(2) O(7)-H(5)···O(5) (10) 0.74 (2 (12) 0.66(2) 2.22(2) 2.864(2) 167(3) Symmetry codes: (1) -x+1,y-1/2,-z+1; (2) x-1,y,z; (3) -x,y-1/2,-z+1; (4) x+1,y,z+1; (5) x,y,z+1; (6) -x,y+1/2,-z+1; (7) x,y+1,z; (8) -x+1,y+1/2,-z; (9) x+1,y,z; (10) x,-y+1,z-1/2; (11) -x+1,-y+1,-z+1; (12) -x,y,-z+1/2. Comparing the C 4 H 4 O 6 molecules in both crystals shown in Table 3 , it is seen that the structures of the four molecules in the crystals are similar to each other, except for the differences in the plane angle. However, it is noticed from Fig.  2(b because DL-tartaric acid is a mixture of L-tartaric and D-tartaric acid (relating to mirror symmetry) in the same amount, and the C 4 H 6 O 6 molecules in the DL-tartaric acid crystal have the trans-like-form (Fukami, Tahara, Yasuda, & Nakasone, 2016) . The C 4 H 4 O 6 molecule having the cis-like-form has not been found in the crystal structures of other tartaric salts (Fukami, Hiyajyo, Tahara, & Yasuda, 2017a; Fukami, Hiyajyo, Tahara, & Yasuda, 2017b; Fukami, & Tahara, 2018; Fukami, Tahara, Yasuda, & Nakasone, 2016; Song, Teng, Dong, Ma, & Sun, 2006) . Figure 3 shows the TG, differential TG (DTG), and DTA curves for the L-and DL-MnC 4 H 4 O 6 · 2H 2 O crystals in the temperature range of 300-1470 K. The sample weights (powder) of the L-and DL-MnC 4 H 4 O 6 · 2H 2 O crystals used for the measurements were 4.03 and 4.94 mg, respectively. The heating rate was 10 K min -1 under a dry nitrogen gas flow of 300 ml min -1 . The observed TG curve of L-MnC 4 H 4 O 6 · 2H 2 O is very similar to that in the published paper by Yanes et al (Yanes, Lopez, Stockel, Peraza, & Torres, 1996) . The DTA curve of L-MnC 4 H 4 O 6 · 2H 2 O shows three apparent endothermic peaks at 354, 629, 666 K including a small peak, and the DTG curve shows three peaks at 352, 631, 678 K. On the other hand, three endothermic peaks at 406, 612, and 662 K are observed in the DTA curve of DL-MnC 4 H 4 O 6 · 2H 2 O, and moreover, three peaks at 404, 611, and 671 K are also found in the DTG curve. The endothermic peak temperatures on the DTA curves of both crystals are very close to those on the DTG curves. The DTG curve, which is the first derivative of TG curve, reveals the temperature dependence of weight loss rate due to thermal decomposition of sample. Thus, the DTA peaks are associated with the maximum rate of weight loss in the TG curve. DSC measurements on the powder samples of both crystals were performed in the temperature range from 100 to 310 K at a heating rate of 10 K min -1 . No obvious endothermic or exothermic peaks were observed in the temperature range, except for small changes of the baseline in the curves due to the endothermic peaks at 354 or 406 K. In general, it is believed that a clear peak in DSC (or DTA) curve is attributed to the change in exchange energy at phase transition. Thus, the obtained results indicate that there is no phase transition in the temperature range of 100-310 K in both the crystals. Fig. 3 . Table 5 shows the experimental and theoretical (calculated based on following considerations) weight losses in each temperature range.
Thermal Analysis
The weight losses in the TG curve are thought to be caused by the evolution of gases from the sample, similar to previous reports (Fukami, Hiyajyo, Tahara, & Yasuda, 2017a; Fukami, Hiyajyo, Tahara, & Yasuda, 2017b; Fukami & Tahara, 2018; Fukami, Tahara, Yasuda, & Nakasone, 2016 Fig. 3 appear at around 650 K, and moreover, are close to a respective center of the weight losses in the range of 490-760 K. These results reveal that the weight losses due to the evolution of gases in this range are caused by two decomposition processes of C 4 H 4 O 4 , and the evolved gases are presumed to be 2H 2 CO and 2CO. Unfortunately, since the thermal loss processes in the TG curves at around 650 K are observed over narrow temperature ranges, detailed information of the processes can not be obtained. Lastly, we assume that the weight loss in the range of 760-1150 K is produced by the evolution of (1/2)O 2 gas from MnO 2 . The theoretical weight loss is calculated to be 6.7% (=16.00 / 239.04). This value is very close to the experimental loss values of 7.7 and 7.4% in the range of 760-1150 K. The total experimental weight losses of the Land DL-MnC 4 H 4 O 6 · 2H 2 O crystals in the range of 300-1150 K are 72.5% (=13.6 + 51.2 + 7.7%) and 73.3% (=15.7 + 50.2 + 7.4%), respectively. These values are close to the total theoretical weight loss of 70.4% (=15.1 + 48.6 + 6.7%).
After heating up to 1470 K for the TG-DTA measurements of both crystals, we found that small black materials were present in the respective vessels. The residual materials from the samples are presumed to be manganese oxide MnO.
Summary
Crystals of L-MnC 4 H 4 O 6 · 2H 2 O and DL-MnC 4 H 4 O 6 · 2H 2 O were grown in silica gel medium at room temperature by the diffusion method. The structures and thermal properties of these crystals were studied by means of X-ray diffraction, DSC, and TG-DTA. In both crystals, no phase transition was observed in the temperature range of 100-310 K, and the weight losses due to thermal decomposition were found to occur in the temperature range of 300-1150 K. We suggested that the weight losses are caused by the evaporation of bound 2H 2 O molecules, and the evolutions of gases from C 4 H 4 O 4 and of (1/2)O 2 gas from MnO 2 , and that the residual black substance in vessels after decomposition is manganese oxide MnO.
